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a tRNA modification counteracts
a +2 ribosomal frameshitt
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Errors during gene expression from DNA to proteins via transcription and translation may be deleterious for
the functional maintenance of cells. In this paper, extensive genetic studies of the misreading of a GA repeat
introduced into the lacZ gene of Escherichia coli indicate that in this bacteria, errors occur predominantly by
a +2 translational frameshift, which is controlled by a tRNA modification involving the MnmE and GidA
proteins. This ribosomal frameshift results from the coincidence of three events: (1) decreased codon-
anticodon affinity at the P-site, which is caused by tRNA hypomodification in mnmE- and gidA~ strains; (2) a
repetitive mRNA sequence predisposing to slippage; and (3) increased translational pausing attributable to the
presence of a rare codon at the A-site. Based on genetic analysis, we propose that GidA and MnmE act in the
same pathway of tRNA modification, the absence of which is responsible for the +2 translational frameshift.
The difference in the impact of the mutant gene on cell growth, however, indicates that GidA has at least one

other function.
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Processes ensuring the fidelity of DNA replication have
been studied extensively, presumably because of the
overwhelming importance of gene mutations in evolu-
tion, hereditary diseases and cancer (Friedberg et al.
1995). In contrast, less is known about the fidelity of
transcription and translation, which must be crucial for
the functional maintenance of cells and organisms.
Functional degeneration of nondividing cells limits the
lifespan of organs such as the heart or brain. Therefore,
decreasing fidelity of gene expression may be an under-
lying cause of cellular aging, degenerative diseases, and
death. Accurate gene expression is dependent on the fi-
delity of both transcription of DNA and translation of
mRNA.

Fidelity of transcription depends on proofreading by a
3" — 5’ exonuclease activity found in a number of eu-
karyotic and prokaryotic RNA polymerases (Thomas et
al. 1998). The Escherichia coli RNA polymerase exhibits
error rates ranging from 1 to 10 misincorporations per
10° synthesized nucleotides (for review, see Libby and
Gallant 1991). Aberrant RNAs also include the presence
of altered nucleotides in the mRNA caused either by
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direct alteration of the mRNA or by misincorporation of
altered mutagenic nucleotides, such as 8-oxo-GTP, by
the RNA polymerase (Taddei et al. 1997). The presence
of 8-0x0-G in cellular RNA was shown to be restricted to
vulnerable neurons in dementia such as Alzheimer’s dis-
ease (AD) (Nunomura et al. 1999) or Parkinson’s disease
(Zhang et al. 1999) and to be correlated with the synthe-
sis of altered proteins (Dukan et al. 2000). The rate of
transcriptional frameshifting is unknown but it was pro-
posed that it may lead to some neurodegenerative dis-
eases (van Leeuwen et al. 1998b). In patients with AD,
the accumulation of aberrant protein species shifted to
the +1 frame with no related mutation in the DNA blue-
print has been reported. The appearance of those proteins
was shown to be caused by a molecular misreading of a
coding GA repeat resulting in the deletion of a dinucleo-
tide GA in the mRNA (Hol et al. 1998; van Leeuwen et
al. 1998a,b).

Translational errors have been characterized in E. coli
and measured in vivo and/or in vitro (for review, see
Kurland 1992). These include missense errors resulting
in the substitution of one amino acid for another, or
incorporation of extra amino acids caused by read-
through of termination codons. Overall, translational er-
rors occur at a frequency of 1073 to 10™* (Loftfield and
Vanderjagt 1972; Edelmann and Gallant 1977; Ellis and
Gallant 1982; Parker 1989) and are limited by the ability
of the ribosome to discriminate between correct and in-
correct tRNAs entering the A-site (Thompson 1988; Ni-
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Table 1. Sequences of alleles used and their corresponding B-galactosidase activities

Stop codon B-Galactosidase
Allele Sequence?® position® activity®
lacZ+ AAT GAA TCA GGC 3073 12400 + 10
Asn Glu Ser Gly
lacZ (+GA) AAT GAG AGA GTG GC 1603 0.10 £ 0.01
Asn Glu Arg Val
lacZ+ revertants AAT GAG AGT GGC 3073 12600 + 240
Asn Glu Ser Gly
lacZ (+ Argd62) AAT GAG AGA AGT GGC 3076 0.01 = 0.001

Asn Glu Arg Ser Gly

2All sequences are shown from codon 460 of the lacZ gene.

PNucleotide number of the first base of the following stop codon.

¢Miller units = standard error.

erhaus 1990; Czworkowski and Moore 1996). When in-
duced by the addition of some antibiotics (e.g., strepto-
mycin), translational misreading leads to increased
concentrations of oxidized proteins (Dukan et al. 2000),
which were found to accumulate in aging cells (Stadt-
man 1992). Other translational errors include premature
termination (Menninger 1977; Kurland et al. 1996) and
translational frameshifting. The latter generally gives
rise to a shorter peptide because of the subsequent en-
counter of stop codons in the shifted frame. Spontaneous
frameshifts resulting from translational errors occur at a
frequency of <10~ per codon (Kurland 1992), but were
shown to increase in E. coli cells entering stationary
phase (Barak et al. 1996).

Basic mechanisms involved in DNA replication, re-
combination, transcription, and translation are often
conserved phylogenetically (Lewin 1994). Therefore, we
set out to study in E. coli the source of errors brought
about by the presence of a GA repeat within an engi-
neered frameshifted allele of the lacZ gene (Table 1). The
characterization of E. coli mutants expressing an inter-
mediate level of B-galactosidase led to the identification
of three genes that are involved in the faithful transla-
tion of the GA repeat. Two of these genes, mnmE and
gidA, are involved in tRNA modification and the third,
argU, encodes the tRNAZ®E .. The analysis of the
mechanism of this unusual +2 translational frameshift at
this sequence is consistent with the recently proposed
+1/-1 translational frameshift dual error model (Qian et
al. 1998; Bjork et al. 1999; Farabaugh and Bjork 1999),
which can be extended to explain larger ribosomal
frameshifting and short tRNA hopping. Measurements
of the growth rate of strains carrying a mutation in the
gidA or mnmE genes showed that the impact of tRNA
hypomodification varies with nutritional conditions and
is not equivalent for both strains (Table 2). These obser-
vations suggest that GidA may also be involved in other
pathways.

Results
The reporter system

We studied the control of error rates of expression (tran-
scription or translation) of a gene containing a coding GA
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repeat in E. coli. A reporter system for such errors was
constructed using the lacZ gene encoding the B-galacto-
sidase enzyme.

The constructed lacZ(+GA) frameshifted allele con-
tains a repetition of the dinucleotide GA starting from
the first base of codon 461 to the first base of codon 463
(Table 1). These codons normally encode amino acids
involved in the active site of B-galactosidase (Cupples
and Miller 1988). This insertion results in a sequence
shifted to the +2 reading frame when compared with the
wild-type sequence and the emergence of a premature
stop codon 210 nucleotides downstream, thereby gener-
ating a mRNA encoding a 534-amino-acid polypeptide.
The B-galactosidase activity of NECBI cells, which carry
this new allele, is 125,000 times lower than the activity
of the isogenic lacZ" cells (Table 1). As a result, NECB1
cells are not able to grow on minimal media containing
lactose as the sole source of carbon, and form white colo-
nies on LB plates containing X-Gal (5-bromo-4-chloro-3-
indolyl-B-D-galactopyranoside).

Only deletion of a dinucleotide GA can restore
an active B-galactosidase

To study errors on this GA repeat, we first wanted to
establish the spectrum of mutants that could restore par-
tially or totally the B-galactosidase activity. This ques-
tion was addressed by selecting for spontaneous rever-

Table 2. Generation time of strains in various growth media

at 40°C

Media®
Relevant genotypes LB Mm + 0.4% glucose
Wild type (NECBI) 32.9+0.7 75.7 +3.7
gidA::Tnl10 38.0+1.2° 91.1 +3.4°¢
mnmE::Tn10 38.2 £ 0.4¢ 77.7£2.5
gidA::Tn10, mnmE::kan  45.2 +0.7¢ 95.8 + 2.0f

“Numbers represent the average generation time of 5 cultures
given in minutes + SEM.

b-fGeneration times that are significantly different from that of
the wild type in the same medium. T-test comparison between
WT and mutants grown in the same media have the following
P-values: b, 0.0054; ¢, 0.0002; d, <0.0001; ¢, 0.0154; f, 0.0013.



sion mutants at the DNA level, which restore an active
B-galactosidase.

NECBI cells were plated on minimal medium con-
taining lactose and Lac* revertants were scored. The fre-
quency of appearance of Lac* colonies was about 10~ per
viable cell. The lacZ gene of 20 of those clones taken
from three different cultures was sequenced and all of
them had a deletion of a GA dinucleotide that restores
the wild-type sequence of the protein (Table 1). The B-ga-
lactosidase activity of those revertants was measured
and is comparable with the activity of the isogenic lacZ*
strain. With this screen we found no single nucleotide
insertions that could potentially have restored the read-
ing frame and generated a polypeptide with an extra
amino acid. A mutant we constructed containing an ex-
tra A downstream to the GA repeat had a B-galactosidase
activity about 10%-fold lower than the lacZ* strain (Table
1). The expected protein encoded by this lacZ (+Arg462)
mutant contains an extra arginine in position 462 (Table
1). This indicates that only a mutation restoring the
wild-type frame of the protein can result in an active
B-galactosidase, consistent with the central position of
these amino acids in the enzyme active site (Cupples and
Miller 1988). As a consequence, mutation rate being very
low, production of an active B-galactosidase should re-
sult mostly from a deletion of a dinucleotide GA at the
transcription level or +2 frameshift at the translation
level.

Isolation of mutants affected in the phenotypic
expression of lacZ(+GA)

The low level of B-galactosidase activity of the
lacZ(+GA) strain suggests that this type of misreading
(-GA) at the level of transcription or translation, produc-
ing occasional active proteins, are very rare in wild-type
E. coli. Therefore, a cell with a mutation that increases
these error rates is expected to express only a low to
intermediate level active B-galactosidase. Following mu-
tagenic treatments, mutants were scored for their ability
to form pale blue colonies on plates containing X-Gal.

The first mutagenesis of the NECBI1 strain was a ran-
dom mini-TnI0 insertion using the ANK1323 phage
(Kleckner et al. 1991). Following mutagenesis, about
20,000 tetracycline-resistant colonies were screened and
10 of them presented a light blue coloration. Nine of the
10 were stable and eight of those conferred an interme-
diate level of B-galactosidase when the Tn10 was retrans-
duced by P1 phage in NECBI cells. For these clones, the
transduction of the tetracycline resistance into Lac™ cells
does not detectably affect the B-galactosidase-specific ac-
tivity (data not shown), making it unlikely that the in-
creased B-galactosidase level is attributable to a muta-
tion affecting the level of transcription or translation of
the lacZ gene.

As transposon mutagenesis will not reveal essential
genes that may be involved in the control of gene expres-
sion, we performed a random point mutagenesis using
2-aminopurine (2-AP). This molecule is an adenine ana-
log, which can mispair with cytosine and generates
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mostly transitions. Approximately 30,000 colonies from
three different cultures of NECBI cells grown with 2-AP
were screened and 133 mutants harboring a stable pale
blue coloration were isolated. These mutants are de-
scribed below.

Characterization of mutants containing a Tnl0
insertion

The eight mutants containing a Tn10 insertion that was
associated with increased B-galactosidase activity were
identified by inverse PCR (Triglia et al. 1988) and se-
quencing of the amplified fragments. Mutants 3, 4, 8, and
10 contained a TnI0 insertion in the gidA gene at posi-
tion 707, 1025, 5, and 51, respectively. The function of
this gene, the closest to the origin of replication oriC in
E. coli, is as yet unidentified but has been associated
with a glucose inhibited division phenotype (von Mey-
enburg and Hansen 1980). In all cases, B-galactosidase
activity returned to the level of the parental strain when
transformed with a plasmid containing the gidA gene
(data not shown), suggesting that all insertions result in
the lack of production of an active GidA protein. Mutant
3, hereafter designated as gidA::Tn10, having a B-galac-
tosidase activity ~70-fold higher than the parental strain
(Fig. 1) was chosen for further analysis.

Mutants 2, 6, and 7 had Tn10 insertions in the mnmE
gene, at positions 798, 707, and 43, respectively. The
mnmE gene was previously called trmE, because of its
involvement in tRNA modification (Elseviers et al.
1984). For the three mutants, transformation with a plas-
mid containing the mnmE gene decreased the B-galacto-
sidase activity to the level of the parental strain (data not
shown). Mutant 2, hereafter designated as mnmE::Tn10,
has a B-galactosidase activity ~50-fold higher than the
parental strain (Fig. 1). This mutant was used as a repre-
sentative of mnmE::Tn10 mutants for further analysis.

Mutant 9 has a TnlI0 insertion in the ebgR gene,

HH

HH

B-Gal activity (Miller units)
PR P I T T R A N |
H

S =N W AR 1A

Parental mnmE::Tnl0 gidA::Tnl0 mnmE::kan gidA::Tnl0
strain mnmE::kan

Figure 1. Error rate measurement with B-galactosidase assays.
B-galactosidase assays were performed on cells grown overnight
in LB containing the proper antibiotic. Bars represent the aver-
age of B-galactosidase measurements + standard errors. The
activity of mnmE:kan is not statistically different from
mnmE::Tnl10 (t-test =-0.526, P =0.604). Double mutant
gidA::Tn10, mnmE::kan activity is not different from the activ-
ity of mnmeE::kan (t-test =-1.556, P =0.134) but is different
from gidA::Tnl0 (t-test=4.451, P=0.0001) suggesting that
mnmeE is epistatic on gidA.
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known to be the repressor of the evolved B-galactosidase
operon. When this operon is derepressed, the EbgA en-
zyme is produced, resulting in a weakly positive lactose
utilization phenotype (Campbell et al. 1973; Arraj and
Campbell 1975). This mutant was not analyzed further.

Characterization of mutants obtained after
2-AP mutagenesis

As the majority of the insertion mutants were in mnmE
and gidA, we first identified which of the point mutants
were complemented with plasmids expressing these
genes. Transformed cells were scored for the disappear-
ance of the pale blue coloration. Of the 133 mutants, 36
were complemented by mnmE and 56 were comple-
mented with gidA. This accounted for ~70% of all the
clones, confirming the importance of these two genes in
the fidelity of gene expression. The B-galactosidase ac-
tivity of gidA mutants has an average of 5.7 + 1.4 Miller
units, whereas that for mnmE mutants is 3.7 = 0.3, both
of which are comparable with the activities in the strains
with Tn10 disruptions of those genes.

To determine if the 41 mutants not complemented by
mnmeE or gidA contained mutations altering phenotypic
expression, we eliminated mutations in cis in the lacZ
gene and those causing derepression of genes coding for
B-galactosidase-like activities. These two types of mu-
tants were identified by transduction using P1 stocks
made on lacl42::Tni10 lacZ(+GA) and lacl42::Tn10
lacZAM15 strains, respectively. When the lacZ(+GA) al-
lele was introduced into its genome, one mutant lost the
blue coloration showing that the intermediate B-galac-
tosidase activity was attributable to a cis mutation of the
lacZ(+GA) allele (not sequenced). Six mutants remained
constantly blue when their lacZ gene was replaced by a
deletion of lacZ, which is the hallmark of a strain ex-
pressing B-galactosidase-like activity.

To characterize mutations in genes not identified pre-
viously, the seven mutants out of the 34 remaining that
showed the highest B-galactosidase level (140-fold higher
than the parental strain on average) were transformed
with a genomic DNA library made from the parental
lacZ(+GA) strain. Plasmids that suppressed the blue
color all contained argU, which encodes tRNA*™, To
confirm whether this gene was deficient in these seven
mutants, a plasmid containing the argU gene was con-
structed and used to transform cells of those seven
clones. The B-galactosidase activity of all clones trans-
formed with this plasmid was reduced to a level compa-
rable with that of the NECBI parental strain. The pres-
ence of mutations in the argU structural gene or in its
promoter was confirmed by sequencing.

The 27 mutants harboring the lowest B-galactosidase
activity (sevenfold higher than the parental strain on av-
erage) have not been characterized further.

GidA and MnmE may be in the same pathway

The mnmE gene product is known to be involved in the
biosynthesis of the hypermodified nucleoside 5-methyl-
aminomethyl-2-thio-uridine (mnm5s2U), which is found
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in the wobble position of bacterial tRNAs specific for
glutamate, lysine, glutamine, arginine, and leucine
(Bjork 1996). It is unclear how many enzymatic reactions
are involved in the first step of this process (Hagervall et
al. 1987). There is no clear evidence for the function of
GidA, but thermosensitive mutants of that gene were
found in a tRNAL" (supP) mutant background (Nakay-
ashiki and Inokuchi 1998), which we interpret as a role
for this protein in tRNA biogenesis.

To determine whether GidA is involved in the same
pathway as MnmE, we transduced a mutant allele of
mnmE interrupted with a kanamycin cassette
(0454::kan1, called mnmE::kan hereafter; Cabedo et al.
1999) into lacZ(+GA) parental and derivative gidA::Tn10
strains. The B-galactosidase activity of mnmE::kan was
not different from that of mnmeE::Tn10, and the activity
of the double mutant (gidA::Tn10, mnmE::kan) is not
different from that of the single mnmeE::kan mutant (Fig.
1) but is significantly lower than the activity of the single
gidA::Tn10 mutant. This implies that the gene products
from gidA and mnmeE are likely to be in the same biosyn-
thetic pathway, and furthermore, that the MnmE protein
activity precedes the activity of the GidA protein.

+2 Ribosomal frameshifting caused by a less efficient
codon-anticodon recognition

The +2 translational frameshifting, observed in mn-
mE::Tn10 or gidA::Tn10, could be explained by an ex-
tension of the recently described +1/-1 translational
frameshift dual error model (Qian et al. 1998), which
postulates such a slipping of the ribosome when a hypo-
modified tRNA present in the P-site results in a weaker
codon-anticodon interaction. The tRNASM . ue
which decodes the first codon of the GA repeat, is one of
the tRNAs that carry an MnmE-dependent mnm5s2U34
modification (Bjork 1996), which allows it to decode ei-
ther GAG or GAA codons with similar efficiencies
(Kruger et al. 1998). In the mnmE::Tn10 strain, and likely
in the gidA::Tn10 strain, the U34 is hypomodified result-
ing in tRNA with a less efficient base-pairing in the
wobble position (Kruger et al. 1998). The observed frame-
shifting could result from the presence of this hypomodi-
fied tRNASH - (U’ is a hypomodified form of the uridine)
in the P-site of the ribosome.

To test the effect of the pairing stability of this tRNA
on frameshift errors, we engineered gltT to have a CUC
anticodon. This mutant and the gltT" gene were cloned
into the pBAD33 vector under the control of the arabi-
nose inducible promoter (Guzman et al. 1995), generat-
ing the pNEC2 plasmid series (Fig. 2; Table 3). When
coexpressed with the four wild-type copies on the chro-
mosome, the tRNA harboring the CUC anticodon
reduced the translational frameshifting by 30% in
mnmE::Tn10 and gidA::Tn10 strains (Fig. 2B,C) as well
as in the wild-type strain (t-test induced vs. non-in-
duced = -2.8, P =0.02; data not shown). This mutated
tRNA therefore appears to be able to increase the codon—
anticodon interaction, thereby reducing the frameshift-
ing of the ribosome. The selective competition for trans-
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Figure 2. Expression of a tRNA with an exact anticodon re-
duces the errors. Mutant gltT tRNAS™ was created to deter-
mine the role of the anticodon loop sequence in translational
errors. (A) Sequence from nucleotides 30-40 (anticodon loop) of
the tRNA encoded by gltT cloned in pNEC2-WT. The pNEC2-
U34C plasmid carries the mutation U34 to C (bold letters, U*
designates the modified uridine), thereby generating a CUC an-
ticodon, which is an exact match to the GAG codon. (B,C)
Transformed NECB10 (mnmE:Tn10 Aara Ieu:Tnb) and
NECBI1 (gidA::Tn10 Aara leu::Tn5) cells were grown overnight
in LB containing 0%, 0.005%, or 0.05% arabinose to induce
expression of the gltT gene that is under the control of the
arabinose promoter in pPBAD33 (see Table 3). For each strain and
plasmid pair, the B-galactosidase values were normalized to the
value at 0% arabinose induction. The decreased B-galactosidase
activity observed with the expression of the gltT allele carried
by pNEC2-U34C (O) is significant in mnmE::Tn10 (t-test in-
duced vs. noninduced = -4.2, P =0.002) (B) and in gidA:: Tn10
(t-test induced vs. noninduced = -4.8, P = 0.001) (C). In both
strains the expression of the gltT allele carried by the pNEC2-
WT () has no effect on ribosomal frameshifting. These results
suggest that translational errors in mnmE:: Tn10 and gidA:: Tn10
are attributable to a less efficient hypomodified tRNAZYC
(U’ represents the hypomodified form of the uridine). Each point
represents the average of normalized B-galactosidase activity
+ standard error.

lational machinery (e.g., aminoacylation) between the
tRNA produced by the plasmid and the wild-type tRNA
produced from the four genomic genes could explain
why the error rate was not reduced to the level of the
parental lacZ(+GA) strain.

+2 Translational frameshift caused by the presence
of a rare codon in the A-site

The +1/-1 translational frameshift dual error model also
proposes that frameshifting could occur at a pausing site
during translation, which could be caused by the pres-
ence of a slowly translated codon in the A-site. The ex-
tent of vacancy of the A-site has been shown to correlate
to a +1 translational frameshift (Curran and Yarus 1989;
Sipley and Goldman 1993). In the case of lacZ(+GA), the
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AGA codon (codon 462; Table 1) is one of the rarest
codons in E. coli (Hénaut and Danchin 1996; Nakamura
et al. 2000) and is decoded by a minor tRNA encoded by
argU (Ikemura 1981; Dong et al. 1996). The AGA codon
may therefore constitute a pausing site and lead to
frameshifting.

To test this hypothesis, the IacZ(+GA) and the deriva-
tives gidA:Tn10 and mnmE:'Tn10 were transformed
with a plasmid containing the argU gene. The overex-
pression of the tRNA2S . . encoded by argU in gi-
dA:Tn10 or mnmE:'Tnl10 strains abolishes the error
phenotype observed in those strains (Fig. 3), as the B-ga-
lactosidase activities for transformed gidA: Tnl0 and
mnmE::Tn10 strains are comparable with the parental
strain. It should be noted that the presence of the vector
alone slightly reduced ribosomal frameshifting. This de-
crease may be attributable to the chloramphenicol,
which was added to the growth media to select for the
plasmid and is known to be a translation inhibitor (Berg-
mann and Sicher 1952). The error rate is significantly
reduced by the overproduction of argU, even in the
transformed parental strain (Fig. 3), showing that this
same +2 frameshift occurs in wild-type cells (NECB1) by
pausing of the ribosome caused by the scarcity of
tRNAALE . These results show that the abolition of
the ribosome frameshifting in parental, mnmgE::Tn10,
and gidA:'Tnl10 strains is caused by the filling of the
A-site with the overproduced tRNALE .

The absence of the mnmb5s2U modification
and the cell growth rate

The gidA gene was first isolated in association with a
glucose-inhibited division phenotype (von Meyenburg
and Hansen 1980) and is located next to the origin of
replication (oriC). It was therefore proposed to have a
role in the control of cell division. As it is likely to be-
long to the same pathway as the mnmeE gene in the con-
trol of the +2GA frameshift, we have tested the effect of
mutant alleles of these genes on growth rate.

To estimate the growth rate of these strains defective
for the mnm5s2U modification, we measured the gen-
eration time of the parental strain, gidA:Tnl0,
mnmE::Tn10, and the double mutant (gidA::Tnl0
mnmeE::kan) in LB and in minimal medium at 40°C.
Comparison of generation times showed that gidA::Tn10
mnmE::Tn10 and (gidA::Tn10 mnmE::kan) strains had a
growth rate lower than that of the parental strain during
growth in LB (Table 2) or in LB containing glucose (data
not shown). Under conditions of slower growth (minimal
medium), we failed to detect a significant difference be-
tween the parental and the mnmE::Tn10 strains, but the
gidA::Tn10 and (gidA::'Tn10 mnmkE::kan) strains had a
generation time 16% and 20% longer, respectively, than
that of the parental or mnmE:: Tn10 strains. Unlike in
the B-galactosidase assays showing the translational er-
ror rate of the +2GA frameshift, the double mutant did
not have the same phenotype as the mnmE::Tn10 strain.
These results indicate that mutations in gidA or mnmE
have an independent impact on growth rate.
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Table 3. Strains, plasmids, and primers

Description Source
Strains
FR576 NR3835 F: AproAB-lac) ara™ thi~ trpE997 Taddei et al. 1997
FR575 NR3835 F' [proAB-lacZ*) Schaaper and Dunn 1987
NECBI1 FR576 F'[proAB-lacZ(+GA)] This study
NECB2 NECB1 mnmE::Tnl10 This study
NECB3 NECB2 gidA::Tn10 This study
1C3652 recB21 recC22 sbcB15 sbcC201 Sal™ 0454-1::kan Cabedo et al. 1999
NECB4 NECBI1 0454-1::kan (or mnmE::kan) This study
NECB5 NECB3 0454-1::kan (or mnmE:: kan) This study
SS14 trp31 his1 argGé6 rpsl 104 tonA2 A(lacZ) supE44 Vulic et al. 1999
xyl7 mtl2 metB1 serB28 specR F42[finP301 lacI42::Tn10 lacZ*]
NECB6 NECBI lacI42::Tn10 This study
GC3560 thr1 leu6 proA2 his4 thil argE3 galK2 aral4 xyl5 R. D’Ari’s collection
mtl1 tsx33 str31 supE44 laclq lacZAM15 NJFL100 lacY+
NECB7 rphl lacl42::Tn10 lacZAM15 This study
NECBS rphl Aara leu::Tnb lacZ101 Lab collection
NECB9 NECBI1 Aara leu::Tnb This study
NECBI0 NECB2 Aara leu::Tnb This study
NECBI11 NECB3 Aara leu::Tnb5 This study
NECBI13 FR576 F'|proAB-lacZ(+Arg462)] This study
Plasmids
pNEC1 pACYC184 containing argU at BamHI site This study
pPNEC2-WT pBADA33 containing gltT between Kpnl and Pstl Guzman et al. 1995
sites under the control of the arabinose promoter and this study
pNEC2-U34C pNEC2-WT with U34 to C34 mutation in gltT This study
pNEC3 pUCI18 containing gidA between EcoRI and Sphl sites This study
pNEC4 pUCI18 containing mnmE between EcoRI and PstI sites This study
Primers (5" — 3')
LacUp CCCGAAACTGTGGAGCGCCGAA
LacDwn CCGACCACGGGTTGCCGTTTTC
LacZGAGA AGCGCCGTGGCCACTCTCTCATTCCCCAG
ArgUBIU? CGGGATCCCGCAGGACGGGTTCGGAGATAP
ArgUBIL? CGGGATCCCGACATACCAAGGCGGCTAAGP
GItTK1U? GGGGTACCCCGAAGCGTACTTTGTAGTGCP
GItTPIL? AACTGCAGAACCAATGCATTGGCCTCACAACCCGAAGATGT®
GItTDir GCCCTCTCACGGCGGTAACAGGGGTTCG
GltTRev GCCGTGAGAGGGCGGTGTCCTGGGCCTC
MnmEE1U?* CGGAATTCAAATCCTGATTCGGTGAGT®
MnmEP1D? TTCTGCAGAGTCAGAATGCGGCTTCGT?
GidAE1U? TGGTCGTGAATTCTTTTAATACCCAGGATCCCAP
GidAS1D? TGGTCGTGCATGCTTGCCTGGTAAGCGGGTGCT®
TnlO0U ACGATGCCCATTTTGTTGA
TnlOL ACGGCGTTCACTCCAATCT

2Primers used for cloning. These primers contain restriction site B1, BamHI; K1, Kpnl; P1, Pstl; E1, EcoR1; and S1, Sphl.

PThe restriction sites for cloning of the PCR product are underlined.

These results suggest that GidA may be acting in an-
other pathway, such as a different tRNA modification
path, or in DNA replication as suggested previously
(Ogawa and Okazaki 1994).

Discussion

We studied the potential causes of errors during expres-
sion of a GA repeat sequence inserted out of frame in the
lacZ gene of E. coli. Mutants having an increased error
rate of gene expression were isolated based on the pro-
duction of a moderate amount of active B-galactosidase.
Approximately 83% of all these mutants (generated by
both insertional and point mutagenesis) were alleles of
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mnmeE and gidA, both apparently involved in the same
tRNA modification pathway. The preponderance of
these two genes suggests that they are the predominant
genetic targets for the increased frameshift (-GA) mis-
reading in gene expression of E. coli. The impact of the
observed ribosomal errors on cell growth rate is largely
dependent on nutritional conditions and is different in
both strains.

Misreading of a GA repeat in E. coli mostly occurs
by translational frameshifting

The elucidation of the observed (-GA) misreading sug-
gests that the strong increase in +2GA translational
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Figure 3. Overexpression of argU abolishes
errors. To know whether the presence of a
rare AGA codon could be involved in these
translational errors, parental mnmkE: Tn10
and gidA:Tnl0 strains were transformed
with pNEC1, a pACYCI184 derivative that
carries the argU gene. The overexpression of
the tRNAA' (paired hatched bars) decoding
the AGA codon in mnmeE:Tnl0 and in
gidA::Tn10 reduces translational errors to
the level of the parental strain. It should
be noted that even in the parental strain,
the overexpression of argU significantly
decreases the B-galactosidase activity
(t-test = 5.62, P =0.002 when compared with
activity from the parental strain carrying
pNECI or the control plasmid). For compari-
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frameshifting results from the coincidence of three
events (see Fig. 4). The first repeat-containing codon to
be decoded by the ribosome is a GAG glutamate codon
normally read by tRNASM _ e, which in mnmE
and gidA mutants is probably present only in the
tRNASY - hypomodified form. This hypomodified form
of the tRNA is less efficient for the decoding of the GAG
codon. In addition, the GAG codon cannot be decoded
by a near-cognate tRNA because only one species of
tRN A exists in E. coli (Komine et al. 1990). Therefore,
when the tRNAGH, - is in the P-site of the ribosome,
there is a weaker base pairing between the tRNA and the
mRNA. The second element affecting this +2 frameshift
is the repetitive GAG-AGA mRNA sequence, which
seems to predispose the translational complex to slip-
page. In addition, the next codon to be read at the frame-
shift site is an AGA arginine codon. This codon was
shown previously to be decoded by a minor tRNA (Ike-
mura 1981; Dong et al. 1996) and to be one of the rarest
codons in the E. coli genome (Hénaut and Danchin 1996;
Nakamura et al. 2000). The presence of this codon in the
A-site probably results in a pause during translation.
Therefore, the conjunction of these three events — the
presence of the hypomodified tRNASY - in the P-site,
the repetitive sequence of the mRNA and the rare AGA
codon in the A-site allows the ribosome to shift to an-
other frame, as described in Figure 4. Therefore on the
lacZ(+GA) mRNA, the ribosome slips over the 2 bases
(GA) toward the 3’ end on the mRNA, producing a +2
frameshift that restores the normal reading frame for an
active B-galactosidase.

The +2(GA) translational frameshifting is
counteracted by tRNA modification

The product of the mnmE gene encodes an evolution-
arily conserved GTPase (Cabedo et al. 1999). It is in-

gidA::Tnl0

trol, strains were also transformed with pA-
| CYC184 (open bars), which by itself reduces
translational frameshifting (P = 0.04 in mn-
mE::Tn10; P = 0.01 in gidA::Tn10).

volved in the modification of the uridine residue in the
wobble position (nucleotide 34) of tRNA that reads split

A B

WT gidA-
mnmkE-
CUU* Cuu’
AATG_AE-Q@&GTGGC AATGLGvégéGTGGC
P A P A
U UG
&oox <V cour ¢
AATGAGAGAGTGGC AATGAGAGAGTGGC
P A »P A

Figure 4. Model for the observed +2 frameshift. (A) The normal
process of translation in NECBI lacZ(+GA) begins with the
peptidyl-tRNAZIEY (U™ is the modified uridine at the wobble
position, which could be either mnm5-s2-U or mnm5-U) bound
to the mRNA in the P-site of the ribosome. The empty A-site is
normally filled with a tRNA{SY and the translational complex
can proceed to the next step of elongation by transferring the
peptide and translocating the accepted tRNA in the P-site.
(B) In mnmE mutants, and probably in gidA mutants, the uri-
dine at the wobble position of the tRNAS™ is hypomodified
(U’: s2-U or some other hypomodified form of the mnm5-s2-U).
This hypomodified nucleotide is less efficient at pairing with a
guanine in the wobble position. The presence of a rare AGA
codon at the A-site results in a pause during the translation
process. Therefore, the conjunction of a less efficient pairing
between the tRNA and the mRNA at the P-site and the presence
of a rare codon at the A-site renders the ribosome prone to
shifting. This translation complex moves to (or possibly scans
for) the next GAG cognate codon of the tRNA in the P-site,
which is easy on this repetitive sequence and then resumes
translation, but in a different frame.

GENES & DEVELOPMENT 2301



Brégeon et al.

codon boxes (a codon box in which the first two nucleo-
tides are the same, while the third nucleotide determines
which of the two alternative amino acids are encoded). In
those tRNAs, the modification is of the type xm5U (or a
thiolated derivative xm5s2U) where x can be an amino
(m), methylamino (mn), or carboxymethylamino (cmn)
group. The first reaction in this process, catalyzed by
MnmeE, is the addition of the cmnm group in position 5
of the uridine. For the tRNAS™ of E. coli, which decodes
GAA and GAG codons, it was shown that 5-methylami-
nomethyl group on the uracil facilitates its base-pairing
with G while decreasing the base-pairing with A. This
results in rates of translation of GAG and GAA that ap-
proach the average speed of the ribosome (Kruger et al.
1998). Therefore, in the case of IlacZ(+GA) in
mnmE::Tnl0 strain, this tRNAS™ is less efficiently
paired with the first codon of the GA repeat, which is
likely to facilitate the observed ribosomal frameshifting
(see above; Fig. 4).

GidA protein may be involved in the mnm5s2U34
modification pathway

There is no clearly identified function for the gidA gene,
which has been described to have the phenotype of glu-
cose inhibited division (von Meyenburg and Hansen
1980) and is located next to the chromosomal origin of
replication, oriC, of E. coli. Results obtained in this
study with the mnmeE::kan gidA::Tn10 double mutant
show that the products of both genes are likely to be
involved in the same tRNA modification pathway and,
furthermore, that the MnmE activity precedes that of the
GidA. The synthesis of mnm5s2U could occur in the
following steps:

U34 mnmA g(J34 mnmE X gidA cmnmb5s2U34 mnmcl
nmb5s2U34 mrmC2 mnm5s2U34

It was recently suggested that the genetic symbols for
genes involved in this pathway should be revised and
that trmU (or asuE) be replaced by mnmA, trmE (or thdF)
by mnmeE, and trmC by mnmC (Leung et al. 1998). The
mnmA gene product is responsible for the thiolation of
position 2 of the uridine (Sullivan et al. 1985). No mu-
tant of this gene has been isolated with our screen, prob-
ably because the 2-thio group added by this enzyme is
important for aminoacylation and does not have a sig-
nificant role for the decoding of the GAG codon (Kruger
et al. 1998). MnmC is composed of two activities (Hager-
vall et al. 1987), which transform the cmnm intermedi-
ate into the final mnm modification. The fact that we
did not isolate mutants of this gene and the fact that a
cmnm intermediate is used as the final form of one
tRNA™", suggest that this step may not change the de-
coding properties of the modified tRNA. The mnmE
gene product was shown to be responsible for the first
modification of the 5-position of the uracil, but it is un-
clear how many steps precede the formation of cmnm5
(Elseviers et al. 1984; Hagervall et al. 1987).
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The role we propose for GidA in this modification
pathway could explain the recent results of Nakayashiki
and others. Thermosensitive lethal mutants of this gene
have been isolated in a strain harboring the amber sup-
pressor mutant gene tRNAL" (supP) (Nakayashiki and
Inokuchi 1998), which changes the anticodon of this dis-
pensable tRNA from CAA to CUA. Normally, tRNAZL"
recognizes the UUG codon, whereas the mutated supP
tRNA recognizes the UAG amber codon. The UUG
codon is also decoded by tRNAL“, which has a
cmnm5m2UAA (m2: methyl group in position 2) in its
anticodon such that it can recognize both UUG and
UUA (Horie et al. 1999). By analogy with tRNAS™, one
could speculate that the absence of cmnm5 at nonper-
missive temperature may decrease the base pairing of the
tRNAL* with the UUG codon, thereby requiring the
tRNAL®" under these conditions for normal translation.
Furthermore, the first attempt at isolating mutants af-
fected in the biosynthesis of mnm5s2U allowed the char-
acterization of two loci, named trmE and trmF. The phe-
notype of these two mutants was not clearly different
but they were mapped to two different locations on the
E. coli chromosome. The trmE gene was shown to be the
same gene as mnmE (Cabedo et al. 1999) and trmF was
mapped near 83 min on the E. coli map between uncA
and bgIR in the region of oriC (Elseviers et al. 1984). The
map location of gidA is 84.5 min, close to oriC. We
therefore propose that trmF is an allele of gidA and that
this locus may be renamed mnmG as suggested previ-
ously (Leung et al. 1998).

The growth rate of both gidA::Tn10 and mnmE::Tn10
strains is reduced in LB, but, in minimal medium, this
decrease was only observed for the gidA::Tn10 strain.
This difference of phenotype may suggest that the un-
known product of MnmeE (indicated by an X in the modi-
fication pathway presented above), which is likely to be
accumulated in a gidA~ strain, could be toxic for cells
under this slow growth condition. At this stage, how-
ever, we can not exclude that GidA may be involved in
other tRNA modification pathways or in DNA replica-
tion as suggested previously (Ogawa and Okazaki 1994).

Extension of the dual error model may explain
tRNA hopping

Most of the described nonprogrammed ribosomal frame-
shifts are thought to slip in either +1 or -1 frame (Far-
abaugh and Bjork 1999, and references therein). The +1/
-1 dual error model proposed previously (Qian et al.
1998) suggests several explanations for nonprogrammed
+1 and -1 frameshifts that could occur, especially at
CCCN and GGGN sites (N, any nucleotide). This model
assumes that slipping of the ribosome would happen at a
precise stage after the three nucleotide translocation. At
this step, the ribosome is prone to slip on the mRNA, in
particular when a near-cognate tRNA or a hypomodified
tRNA is present in the P-site. In this case, the shift is
attributable to a weaker codon-anticodon pairing at the
wobble position. Even if a normal cognate tRNA is in the
P-site, the ribosome could slip when a translational



pause is induced because of the presence of a rare codon
in the A-site.

An extended version of the +1/-1 dual error model
could also explain the tRNA hopping described by Weiss
et al. (1987). The mutation they studied is a leaky -1
frameshift allele trpE91 in Salmonella (Riyasaty and At-
kins 1968). The low-level translational frameshifting
that occurs at this site was studied by transferring the
region surrounding the mutation into a lacZ expression
vector (Weiss et al. 1987). The sequence of the expressed
peptide revealed that the frameshift occurred by a trans-
lational hopping, creating a +2 rather than a -1 frame-
shift, via a tRNAV*! hopping by +2. Two other sequences
were identified on which the ribosome is prone to slip (or
hop) over 5 or 6 nucleotides. Protein sequencing con-
firmed that tRNA“*" hops 5 nucleotides between cog-
nate codons and that tRNA™" hops over an in-frame
stop codon between near-cognate codons. The presence
of an in-frame stop codon for both +2 and +6 hopping
apparently creates a pausing site during translation, a
favorable condition for the frameshifting (Farabaugh
1996). The +5 event, however, occurred at an in-frame
UCA codon that is not predicted to cause a translational
pause. The strain used by Weiss and colleagues was
CSH26 with a deletion of the pro-lac region, where the
strC and trmB genes have been mapped, respectively, by
P1 co-transduction (Roberts and Reeve 1970) and conju-
gation (Marinus et al. 1975), which may have an influ-
ence on this +5 frameshift. The strC gene is known to be
involved in streptomycin resistance and to modify the
ribosome structure (Roberts and Reeve 1970). The TrmB
protein is a tRNA methyltransferase, which catalyzes
the formation of methyl-7-guanosine (m7G) in some
tRNAs, including the tRNA%*" hopping over 5 nucleo-
tides. Whether this modification is important to stabi-
lize the translation complex remains to be tested. All
observations of ribosome frameshifting with hypomodi-
fied tRNA or in presence of a pausing site during trans-
lation are therefore in favor of the extended version of
the dual error model described above.

An evolutionarily conserved modification pathway

The mnmE and gidA gene products display significant
similarities with proteins of Saccharomyces cerevisiae
and Caenorhabditis elegans as well as with several ex-
pressed sequence tags from Arabidopsis thaliana, mouse
and human. In S. cerevisiae, homologs of MnmE and
GidA are respectively Msslp and Mtolp and have been
shown to be nuclear-encoded mitochondrial genes (De-
coster et al. 1993; Colby et al. 1998). Therefore, MSS1
and MTO1 genes are likely to have evolved from mito-
chondrial genes translocated into the nucleus.

Mutants of Mtolp and Msslp were reported to be im-
plicated in a respiratory deficiency phenotype only when
the 15S rRNA gene carries a mutation that confers resis-
tance to paromomycin (Decoster et al. 1993; Colby et al.
1998). This mutation is localized to helix 47, which is
part of the A-site of the ribosome (Li et al. 1982; De
Stasio and Dahlberg 1990). Those mutant ribosomes
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were also shown to have a decreased level of natural
frameshifting, suggestive of a more stringent proofread-
ing (Weiss-Brummer and Huttenhofer 1989). It is signifi-
cant that mitochondrial tRNA™" and tRNAT'? contain a
modified U at the wobble position (Bjork 1998). This
modification is of the type cmnm5Um and allows these
tRNA to translate codons terminating in either A or G.
We propose that Msslp and Mtolp are responsible for
this modification and that hypomodified tRNAs are less
efficient for the decoding of the codon ending in G. This
deficiency could be stronger with the more stringent
paromomycin-resistant ribosome, thereby causing the
respiratory defect observed in mssI and mtol mutant
cells. Furthermore, the products of these two genes in S.
cerevisiae were shown to be in the same complex, and
are therefore likely to act in the same pathway (Colby et
al. 1998). Whether GidA and MnmeE are also in the same
protein complex, which may counteract the previously
proposed toxicity of the unknown MnmE product (X),
remains to be determined in E. coli.

The alteration of growth rate in both gidA::Tn10 and
mnmE::Tn10 strains and the respiratory deficient phe-
notype of yeast mutants could be linked to errors made
during translation, which are likely to be processivity
errors. As this pathway seems to be conserved in many
organisms, mutation of these genes may be involved in
genetic disorders such as mitochondrial diseases.

Materials and methods

Growth conditions

The cell growth media are liquid LB supplemented with the
following antibiotics, when appropriate, at the following con-
centrations: tetracycline 12.5 pg/mL, chloramphenicol 30 pg/
mL, rifampicin 100 pg/mL, kanamycin 100 pg/mL, and ampi-
cillin 100 pg/mL. For strain constructions, clones were selected
on LB plates supplemented with the appropriate antibiotic and/
or X-Gal (200 pg/mL) and 20 mM sodium citrate. Selections for
auxotrophy, or carbon source, were made on minimal M9 plates
(1.5% agar) supplemented with 0.4% of the relevant carbon
source and 0.1% of the suitable amino acids. Growth rates were
measured by optical density at 530 nm in 96-well plates.

Strain constructions

The genotypes and sources of the strains of E. coli used in this
study are listed in Table 3. The NECB1 was constructed as
described in Cupples and Miller (1988) using LacZGAGA as
mutagenic primer. The introduced mutation was verified by
sequencing.

Derivative strains were constructed by P1-mediated transduc-
tion as described by Miller (1972). Conjugations were made by
mixing 500 pL of overnight cultures of donor and recipient cells
in 5 mL of LB and placed at 37°C without shaking for 2 h.
Transconjugants were then selected by plating on the appropri-
ate media.

Mutagenic treatments and identification of transposon
insertion site

The random insertion mutants were created by transposition of
mini-Tn10 from ANK1323 (Kleckner et al. 1991). Phage stocks
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and infections were made as described in (Miller 1992). Trans-
fected cells were plated on LB plates containing tetracycline and
X-Gal to screen for light blue colonies. The Tn10 insertion sites
were identified by inverse PCR in bacterial clones showing in-
termediate levels of B-galactosidase activity. Genomic DNA
(500 ng) from such clones was digested with PstI and purified
with a QIAquick PCR purification kit (QIAGEN). Fragments
were then incubated overnight at 12°C with 40,000 units of T4
DNA ligase in a final volume of 1 mL. DNA was precipitated
with ethanol and resuspended in 20 pL of water. The DNA
fragments were then amplified by PCR with VentR(exo-) DNA
polymerase (New England Biolabs) using Tn10U and TnlOL
primers (Genset). Comparison of the sequence of the PCR prod-
uct with the sequence of the E. coli genome allowed us to de-
termine the insertion site for each clone.

The point mutations were made by growing NECBI cells
overnight in LB containing 700 pg/mL of 2-AP as described by
Miller (1992). Mutagenesis was monitored by determining the
frequency of rifampicin resistant mutants as compared with
nontreated culture. After the treatment, cells were plated on LB
plates containing X-Gal, and mutants having a pale blue color-
ation were re-streaked on the same type of medium.

Plasmid construction

All plasmids and their constructs were transformed into the
appropriate E. coli cells by electrotransformation. Ligations
were carried out by T4 DNA ligase (New England Biolabs) ac-
cording to the manufacturer’s instructions and the Electromax
DHI0B cells (Life Technologies) were used for primary transfor-
mations. For gene amplifications, a single colony of NECB1 was
resuspended in 50 puL of water, and 1 pL of the suspension was
added to the PCR mix. Cells were lysed during the first cycle of
PCR by 5-min incubation at 95°C.

To construct the pNECI plasmid, the region of argU was
amplified under standard conditions with the Pwo polymerase,
using ArgUB1U and ArgUBIL as primers. The amplified frag-
ment was digested with BamHI and inserted into pACYC184 at
the BamHI site. Positive clones were checked to be chloram-
phenicol-resistant and tetracycline-sensitive and the presence
of the insert was monitored by digestion with BamHI.

The gltT gene was amplified in the same manner as argU by
using GItTK1U and GItTPIL as primers for the construction
pNEC2-WT. The linear fragment was digested with Kpnl and
Pstl and inserted into pBAD33 (Guzman et al. 1995) between
Kpnl and Pstl sites. Plasmids from transformed clones were ex-
tracted using a QIAquick Miniprep kit (QIAGEN) and digested
with Kpnl and PstI to monitor the presence of the inserted frag-
ment. Linear fragments for the construction of pNEC2-U34C
were generated by sequential PCR steps using GItTK1U, Glt-
TDir, GItTP1L, and GItTRev (Table 3).

Linear fragments for the cloning of gidA (pNEC3) or mnmE
(PNEC4) were obtained by amplification with Pwo DNA poly-
merase (Roche) using GidAE1U and GidAS1D, respectively, or
MnmEEIU and MnmEPID as primers. Fragments were then
digested with the appropriate enzyme (Table 3) and inserted into
pUCI18. Positive clones were checked for the lack of a-comple-
mentation (Yanisch-Perron et al. 1985) and were verified by re-
striction.

For the genomic library, 2 ng of genomic DNA from NECBI1
prepared with a Wizard Genomic DNA Preparation kit (Pro-
mega) was partially digested with Sau3Al Fragments ranging
from 3-4 kb were eluted from agarose with a QIAquick gel
extraction kit (QTAGEN). Fragments were then cloned into the
BamHI site of pACYC184 using a fragment:plasmid ratio of 10:1
for the ligation and the transformed cells were selected on LB
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plates containing chloramphenicol. Plasmid DNA of 30 single
colonies was isolated and digested with EcoRV and Sall to es-
timate the efficiency of ligation, which was ~90%. Plasmids
were then extracted from 20,000 colonies resuspended in
MgSO, 10 mM with a QIAfilter Maxiprep kit (QIAGEN).

B-Galactosidase activity

For all B-galactosidase assays, 200 uL of an overnight culture
was used. Activities were measured and were expressed as de-
scribed by Miller (1972). The ODs;, was not measured as all
samples were centrifuged before the reading of the OD,,,. To
measure low levels of B-galactosidase activities, longer incuba-
tion times were necessary (up to 1 d, always controlling for
spontaneous hydrolysis of O-nitrophenyl-g-D-galactoside). All
B-galactosidase activities are given in Miller units = standard
error.
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